ABSTRACT Motivation: Phylogenetic and evolutionary inference can be severely misled if recombination is not accounted for, hence screening for it should be an essential component of nearly every comparative study. The evolution of recombinant sequences can not be properly explained by a single phylogenetic tree, but several phylogenies may be used to correctly model the evolution of non-recombinant fragments.
INTRODUCTION
Recombination can have a profound impact on the evolutionary process and is of interest in its own right. In HIV-1, for instance, recombination rates can rival mutation rates (Zhuang et al., 2002) . Recombination can adversely affect the power and accuracy of fundamentally important tools of molecular evolutionary analyses: phylogenetic reconstruction (Posada and Crandall, 2002) , molecular clock inference (Schierup and Hein, 2000) and the detection of positively selected sites (Shriner et al., 2003) . Consequently, reliable tools for discovering recombination are a critical part of any phylogenetic analysis. A diverse array of algorithms and software tools for detection of recombination have been published. However, when benchmarked on simulated (Posada and Crandall, 2001 ) and biological (Posada, 2002) data, the methods often gave contradictory results, and no definitive recommendation on which approach should be considered the 'gold standard' could be made. We developed a robust and extensible approach-Genetic Algorithm Recombination Detection (GARD)-to screen multiple sequence alignments for evidence of phylogenetic incongruence, identify the number and location of breakpoints and sequences involved in putative recombination events. Using simulated and biological datasets we have shown (Kosakovsky Pond et al., 2006) that GARD outperforms the best currently available tools in terms of power and accuracy in a wide-range of evolutionary scenarios.
METHODS AND ALGORITHMS
We model recombinant sequences by allowing S ! 1 non-recombinant alignment fragments, reconstructing a separate phylogenetic tree for each fragment and evaluating the goodness-of-fit for the model using the small sample Akaike's Information Criterion (Sugiura, 1978) When S > 2, we utilize an aggressive population based hill-climber-the CHC genetic algorithm (Eshelman, 1991) -to search the space of breakpoint locations, encoded as a binary vector of sorted concatenated breakpoint positions. CHC always retains the most fit individual from the previous generation and performs two basic operations on individuals currently in the population:
(1) When two individuals, b 1 and b 2 are picked to mate, their offspring is equally likely to inherit bit b i from either parent.
(2) If the diversity of the sample (measured by the range of AIC c scores normalized by the score of the best individual) falls below a fixed threshold, then all individuals in the population, excluding the most fit one, have a proportion of randomly selected bits toggled.
For fixed S, the algorithm terminates if the best score remains unchanged over 100 consecutive generations. A typical GA run considers 10 3 À10 4 possible models before converging. To infer S, we start with S ¼ 1 segments and increase S by 1 for subsequent GA runs, until the AIC c score of the best model fails to improve further. GARD and SBP have been implemented as HyPhy language scripts enabled to run in an MPI environment. Presently, GARD is hosted on our 80-node cluster and can be accessed via a Web front-end. Standalone scripts or cluster installation instructions can be obtained from the authors upon request and will be made available online Ã To whom correspondence should be addressed.
if there is sufficient interest. The current implementation, shown schematically in Figure 1 , allows the user to:
(1) Upload an alignment of sequences to screen. At present up to 50 aligned DNA/RNA sequences with up to 10 000 nt will be accepted. Both numbers will be increased periodically.
(2) Select an appropriate model of nucleotide evolution (Kosakovsky Pond and Frost, 2005) and specify the distribution used to model site-to-site variation in substitution rates.
(3) Run SBP or GARD screens for recombination.
(4) Visualize and download the results of recombination screens, including: (i) the number and best location of inferred breakpoints, and the improvement in AIC c score achieved by the multiple breakpoint model (if any); (ii) model averaged supportfor the location of breakpoints, useful for assessing the degree of confidence; (iii) phylogenetic trees inferred from each non-recombinant breakpoint; (iv) a NEXUS file containing the alignment, inferred partitions and trees.
(5) Result files and HyPhy scripts needed for additional processing and inference (e.g. for further tests of phylogenetic incongruence) can be downloaded and run locally.
We intend to add new features and analysis options (e.g. protein sequence analysis) with time.
DISCUSSION
In practice many widely-used molecular analyses may be confounded by the presence or absence of recombination. Hence, screening for recombination should be an integral part of phylogenetic analyses. We have developed an intuitive and powerful method for detecting evidence of recombination in alignments of DNA sequences. It is able to provide estimates for the number and location of breakpoints, and infer segment-specific phylogenetic trees. GARD does not require a non-recombinant reference alignment and recombination between ancestral sequences is also accommodated. Arbitrarily complex models of point substitution (e.g. those allowing site-to-site variation in substitution rates, or codon models) can be easily incorporated. GARD outperforms other methods and can be run in parallel on a cluster of computers, and so is well suited to screen for recombination in large datasets.
